Introduction
[2] The Ryukyu Islands act as a barrier of deep water exchange between the northwest Pacific and the East China Sea (ECS). The Kerama Gap lies between the Okinawa and Miyako islands with a maximum depth of about 1800 meters. As a major deep channel, it plays an important role in water exchange through the Ryukyu Island chains (Figure 1) .
[3] Separated by the Ryukyu Islands are two western boundary currents of the North Pacific Subtropical Gyre: the stronger ECS Kuroshio Current and the weaker Ryukyu Current (Figure 1) . Generally, the Kuroshio is a relatively stable current system [e.g., Qiu, 2001] , but the shift of the Kuroshio current axis from the area east of Taiwan island to the Kerama Gap can still be seen from many previous studies [e.g., Li, 1993; Su and Yuan, 2005; Ma et al., 2009] while the Ryukyu Current is a northeastward current in the mean state with large temporal and spatial variability [e.g., Yuan et al., 1998; Liu et al., 2000] . The Ryukyu Current velocity and volume transport strongly depend on the mesoscale eddies propagated from the east [e.g., Nakano et al., 1998; Zhu et al., 2003 Zhu et al., , 2004 .
[4] Studies of water exchange between the Kuroshio Current and the Ryukyu Current started in early 1970s. Nitani [1972] pointed out that the Pacific water may flow into the ECS through the Kerama Gap. Yu et al. [1993] found that the low-salinity water core of the Kuroshio at the Pollution Nagasaki (PN) line to the northwest of Okinawa Island is related to the intrusion of the Ryukyu Current. Current meter data also suggest there is a net mean flow through the Kerama Gap into the ECS [Morinaga et al., 1998 ]. Zheng et al. [2008] found that the inflow from the Ryukyu Current system through Kerama Gap can make the downstream Kuroshio volume transport larger. Some studies also indicated that the northwestern Pacific mesoscale eddies can propagate into the East China Sea through the Kerama Gap [Ichikawa, 2001; Andres et al., 2008] . However, few argued that the variability of the Kuroshio can also affect the Ryukyu Current through Kerama Gap. The purpose of this paper is to study the variability of the current patterns near the Kerama Gap and further to explore the interaction between the Kuroshio Current and the Ryukyu Current, on the basis of the self-organizing map (SOM) [Kohonen, 1982 [Kohonen, , 2001 analysis of a numerical model output. The sea surface height (SSH) data from both altimetry and drifter observations are used to support the SOM results.
Data
[5] Ocean general circulation model (OGCM) for the Earth Simulator (OFES) model [e.g., Masumoto et al., 2004] output, forced by the National Centers for Environmental Prediction (NCEP) wind field from 1992 to 2006, is provided by the Japan Agency for Marine-Earth Science and Technology. The output has 0.1 degree spatial resolution, 3 day temporal resolution, and 54 vertical layers with varying resolutions from 5 m at the surface to 330 m near the bottom (maximum depth is 6065 m). The model was validated with observations, and it was found to be useful in investigating the large-scale 1 ocean circulation and mesoscale eddies [e.g., Masumoto et al., 2004] .
[6] SSH anomaly (SSHA) data from 1993 to 2006 are downloaded from AVISO website (http://www.aviso. oceanobs.com/). The sea level anomalies are defined as differences between the observed SSH and the first 7 year mean sea level. Note the period of SSHA data is different from that of modeling (from 1992 to 2006) . The year 1993 is chosen because it is the starting year when we have a complete whole year SSHA data set. This slight difference is not a problem since we are interested in the intraseasonal variability of the current patterns near the Kerama Gap. These 1/4°× 1/4°g ridded data are merged from all available altimeter missions (Topex/Poseidon, Jason-1, ERS-1/2, and ENVISAT) and sampled at a 7 day interval [Le Traon et al., 1998; Ducet et al., 2000] . Anomalous geostrophic currents over the deep ocean (water depth greater than 200 m) are calculated by using the SSHA data.
[7] Argos satellite tracked drifters drogued at a nominal depth of 15 m since 1979 are provided by Atlantic Oceanographic and Meteorological Laboratory. In this analysis, the drifter data are interpolated to six hourly time series prior to the construction of the drifter tracks. Among the available records, 11 drifters crossed the Kerama Gap.
Method
[8] On the basis of unsupervised neural network, the SOM is an effective method for feature extraction and classification [Kohonen, 1982 [Kohonen, , 2001 . The method can be considered a type of clustering technique, and it is very similar to k-means clustering [e.g. Bação et al., 2005] . On the basis of minimum Euclidean distance, the patterns become ordered on a twodimensional grid with each unit assigned to a best matching pattern. From those assignments, a best matching unit (BMU) time series is obtained. The frequency of occurrence for each pattern shown in Figures 2, 3, and 4 is calculated from the BMU time series. The SOM has been demonstrated to be more powerful than the conventional methods, e.g., the empirical orthogonal functions, for feature extraction purposes [e.g., Liu and Weisberg, 2005; Reusch et al., 2005; Liu et al., 2006] . The software package of the SOM toolbox used in this study can be downloaded from the website of the Helsinki University of Technology, Finland (http://www.cis. hut.fi/projects/somtoolbox/). SOM applications in oceanography and climate can be found in the literature [e.g., Richardson et al., 2003; Risien et al., 2004; Liu and Weisberg, 2005; Leloup et al., 2007 Leloup et al., , 2008 Johnson et al., 2008; Liu et al., 2008; Iskandar et al., 2008] .
[9] Prior to the neural network training process, tunable SOM parameters need to be specified. A practical method for choosing among the SOM parameters was given by Liu et al. [2006] . Parameters such as lattice, map shape, initialized weights, training method, and neighborhood function are chosen according to Liu et al. [2006] . The map size, which defines the number of SOM patterns, is specified subjectively according to the variability of the shift of Kuroshio current axis and the strength of the Ryukyu Current. The shift of the Kuroshio current axis can generally be classified into two types: the Kuroshio is close to or far from the Ryukyu Islands, and the strength of the Ryukyu Current can also be classified into two types: strong or weak. Thus, a map size of 2 × 2 is chosen. Note that the general conclusions of the study are not sensitive to the choice of map size. We run a series of tests with different map sizes such as 3 × 3, 4 × 4, and 5 × 5. The current variability patterns with these larger map sizes are very similar to the ones with the map size of 2 × 2 although the patterns in the larger SOM provide more details about the current variability.
[10] The velocity data at different depths from OFES output are used in the SOM analysis. To support the model results, we also apply the SOM method to the altimetry data. Note that the long-term mean is removed for each data point in the two data sets. Thus, the resulting quantities in the following analyses are referred to as the anomalies.
Results

Spatial Variability
[11] The velocity data at the 150 m layer are analyzed first, mainly because 150 m is a good representation of the thermocline depth for both the Kuroshio Current and the Ryukyu Current [e.g., Su and Yuan, 2005] . Fifteen year mean values are removed from each grid point prior to the SOM training. Four coherent current patterns are identified in the current anomaly field from 1992 to 2006.
[12] In Pattern 1 (P1), the current axis of the Kuroshio is close to the Kerama Gap while the Ryukyu Current is intensified and tends to flow from the Kerama Gap to the Pacific (Figure 2a) . A cyclonic anomaly circulation is seen northwest of the Kerama Gap, with northeastward anomaly currents near the Kerama Gap and southwestward currents on the ECS side. Combining the anomaly field with the mean current in Figure 1 , the current axis of the Kuroshio in this pattern is closer to the Kerama Gap than the mean current. Southeast of the Kerama Gap, there is a strong northeastward anomaly current, indicating an enhanced northeastward Ryukyu Current. In this pattern, the Kuroshio water flows to the Pacific from the ECS through Kerama Gap with an anticyclonic circulation in the Kerama Gap.
[13] In Pattern 2 (P2), the current axis of the Kuroshio stays away from the Kerama Gap while the Ryukyu Current is intensified (Figure 2b) . Northwest of the Kerama Gap is an anticyclonic anomaly circulation (southwestward currents near the Kerama Gap and northeastward currents on the ECS side); thus, the current axis of the Kuroshio is farther away from the Kerama Gap. It is interesting to note that there is a strong cyclonic eddy in the Kerama Gap. The water flows to the ECS from the Pacific through Kerama Gap.
[14] Pattern 3 (P3) mirrors P2: the current axis of the Kuroshio is close to the Kerama Gap while the Ryukyu Current is weakened (Figure 2c) . A cyclonic anomaly circulation is seen to the northwest of the Kerama, and a southwestward anomaly current southeast of the Kerama Gap. Generally, the water flows to the Pacific from the ECS through Kerama Gap with a prominent anticyclonic eddy in the Kerama Gap. [15] Pattern 4 (P4) generally mirrors P1: the current axis of the Kuroshio stays away from the Kerama Gap and the Ryukyu Current is weakened (Figure 2d ). The water flows to the ECS from the Pacific through the Kerama Gap with a cyclonic circulation in the Kerama Gap.
[16] We also identified the current patterns at other depths using the SOM method. These four patterns described above can be seen from the surface to a depth of 250 m. The currents at the 250 to 600 m layer are similar to those above the 250 m layer. However, as shown in Figure 3 , the Kuroshio becomes weaker in this layer, and the eddies in the Kerama Gap are also not seen because the Kerama Gap becomes very narrow (the distance from south to north is around 30 km). The four current patterns are not well identified below 600 m.
[17] Anomalous geostrophic currents from satellite altimetry are used to verify the circulation pattern near the Kerama Gap. The patterns from both altimetry observation and OFES model output bear much resemblance although the former does not show those eddies in the Kerama Gap (Figure 4 ). The diameter of these eddies is usually less than 50 km; thus, it cannot be resolved by the altimetry. The drifters' tracks are also used to support the SOM results ( Figure 5 ). Among the 11 drifters that crossed the Kerama Gap, about half (six drifters, 55%) were drifted from the ECS to the Pacific, which is consistent with the flow patterns and the total frequency of occurrence of P1 and P3. The other five drifters moved in the opposite direction (from the Pacific to the ECS), which is consistent with the cases of P2 and P4.
Temporal Evolution
[18] On the basis of the BMU time series from 1992 to 2006 shown in Figure 6 , the histograms of consecutive days for each pattern are presented in Figures 7a, 7b, 7c , and 7d. The average consecutive days are 24, 25, 26, and 28 for P1, P2, P3, and P4, respectively. They all have wide ranges from 15 days to more than 75 days. However, the high-frequency signal is very robust for each pattern (Figure 7) , which is consistent with the presence of high frequent variations of the current axis of the Kuroshio [Qiu et al., 1990; James and Wimbush, 1999; Takahashi et al., 2009] .
[19] The temporal evolution of these four patterns can also be seen from the BMU time series (Figure 6 ). The cycle characterized as a counterclockwise trajectory in the SOM space is very noteworthy. We take P2→P1→P3→P4→P2 as an example: first, the Kuroshio stays away from the Kerama Gap while the Ryukyu Current is intensified (P2); next the Kuroshio shifts closer to the Kerama Gap (P1); then the Ryukyu Current is weakened (P3); and finally the Kuroshio shifts away from the Kerama Gap again (P4). Note P2 as the initial pattern in the sequence is arbitrary. We define the occurrence of the preferred cycle by the counting occurrences of counterclockwise trajectories that pass through all four patterns at least once. The percentage of time that follows the preferred cycle (red lines) to the total time analyzed is 61.5% (Figure 6 ). The period of this cycle varies from 21 days to 192 days with an average of 120 days. The period of 120 days is consistent with the observed Kuroshio and the Ryukyu Current variability [Zhu et al., 2004] .
[20] The evolution of these four patterns may be explained as follows: as the Kuroshio is close to the Kerama Gap, it will induce a negative pressure gradient anomaly, which drives a current from the ECS to the Pacific through the deep part (north) of the Kerama Gap. When a cyclonic (an anticyclonic) eddy approaches the Kerama Gap from the Pacific, a southwestward (northeastward) current in the southeastern Kerama Gap will induce a strong (weak) anticyclonic eddy in the Kerama Gap like P3 (P1) because a stronger (weaker) negative vorticity is induced by the southwestward (northeastward) current [Liu and Su, 1992] . In contrast, if the Kuroshio shifts away from the Kerama Gap, a positive pressure gradient anomaly is induced and further drives a current from the Pacific to the ECS through the deep side. When an anticyclonic (a cyclonic) eddy approaches the Kerama Gap, a northeastward (southwestward) current in the southeastern Kerama Gap will induce a strong (weak) cyclonic eddy in the Kerama Gap like P2 (P4).
Summary and Discussion
[21] Ocean current patterns of the ECS-Kuroshio and the Ryukyu Current variability around Kerama Gap were extracted from the OFES model output from 1992 to 2006 using the SOM. Four coherent patterns were used to summarize the variability of the shift of the Kuroshio current axis and the mesoscale eddies in the Ryukyu Current system. The evolution of these four patterns shows a robust cycle characterized as a counterclockwise trajectory in the SOM space, with an average period of about 120 days.
[22] The shift of Kuroshio Current is a dominant factor in determining the water exchange in the Kerama Gap. As the Kuroshio shift to (away from) the Kerama Gap, the water will flow from the ECS (Pacific) to the Pacific (ECS). The eddies in the Ryukyu Current system have an influence on the strength of eddies in the Kerama Gap. A cyclonic (an anticyclonic) eddy in the Ryukyu Current system can enhance the anticyclonic (cyclonic) eddy in the Kerama Gap as the water flows from the ECS (Pacific) to the Pacific (ECS), which can be explained with the vorticity conservation theory.
[23] The characteristic patterns of the currents and their temporal evolution as revealed by the SOM provide new insights to the variability of the Kuroshio and the Ryukyu Current as well as the water exchange through the Kerama Gap. Detailed dynamic and thermodynamic mechanism studies with numerical models and more in situ observations warrant future work.
